O dontoid fractures account for 5% to 18% of all cervical spine fractures. [1] [2] [3] [4] [5] They are potentially lifethreatening due to neurological risk associated with the proximity of the medulla oblongata and the great instability of the craniocervical junction after injury. 6 However, there is considerable controversy over the treatment of odontoid fractures. Nonoperative treatment with external immobilization can result in fracture healing without need for surgery, but low healing rates and high mortality rates have been reported. [7] [8] [9] [10] [11] [12] To overcome the problems associated with nonoperative management, surgical stabilization procedures have been introduced. Anterior odontoid screw fi xation has gained wide acceptance over the years with osseous union rates of 88% to 100%. [13] [14] [15] It offers immediate stabilization and a higher rate of fusion while maintaining the rotational function of C1-C2. However, anterior screw fi xation is not always available in some cases.
Grauer type IIC 16 fracture is a fracture extending from anterior-inferior to posterior-superior or a fracture with signifi cant comminution. This type fracture provides only a small part of the C2 body for anchorage of the screw and the fracture line parallel to the screw trajectory can easily result in anterior displacement of the fragment under compression. 13 It is likely to result in nonanatomical union, nonunion, or fi brous union. 8 Therefore, type IIC fracture is considered to be a contraindication to the anterior screw fi xation technique. 13 , 17 For Grauer type IIA and IIB 16 fractures, anterior screw fi xation seems to be an optimal treatment. However, patient anatomy might preclude successful anterior screw fi xation. It was critical that the patient's body habitus allowed for a direct screw trajectory that followed the curvature of the spine. Barrel chest, short neck, subaxial cervical spondylosis, or severe thoracic kyphosis might prevent proper trajectory for screw placement. 7 , 17-19 In addition, before anterior operation, the patient should be placed to extend the cervical spine to obtain an ideal trajectory for screw insertion. However, this manipulation could worsen the dislocation in cases with C1 posterior dislocation and cause injury to the cervical spinal cord in cases with severe spinal canal stenosis. 20 Therefore, if satisfactory fracture reduction or screw trajectory could not be achieved, posterior atlantoaxial fusion had to be conducted, sacrifi cing the normal motion of C1-C2. 18 , 21 To resolve the issues regarding complications with posterior fusion, posterior atlantoaxial motion preservation device 22 and anterior artifi cial atlantoaxial joint replacement techniques 23 were developed. Nevertheless, these techniques needed to be further improved before clinical application. In the study by Harms and Melcher, 24 a novel technique of atlantoaxial stabilization using individual fi xation of the C1 lateral mass and the C2 pedicle with minipolyaxial screws and rods was described. This technique avoided damage to the C1-C2 facet joint and thus could be used in patients who required an open reduction maneuver followed by temporary limited fi xation, such as fractures with dislocation in young patients and polytrauma in patients who were not good candidates for halo vest immobilization. However, there have been few clinical reports. 25 Therefore, this study aimed to evaluate the clinical results of posterior reduction and temporary fi xation using the C1-C2 screw-rod fi xation system for odontoid fractures unsuitable for anterior screw fi xation.
MATERIALS AND METHODS

Patient Population
Between January 2006 and December 2012, 194 inpatients, younger than 65 years, with odontoid fractures were treated. Ninety-eight cases underwent anterior screw fi xation while 58 posterior C1-C2 fi xation and fusion, 22 posterior C1-C2 temporary fi xation without fusion, and 16 external immobilization.The 22 patients (14 males, and 8 females) who underwent posterior reduction and temporary fi xation were included in this study. The study had been approved by the ethical committees of our hospital. Every patient gave informed consent. General information from the patients is summarized in Table 1 .
Inclusion and Exclusion Criteria
The inclusion criteria were as follows: (1) Grauer type IIC fractures 16 with well reduction, (2) Grauer type IIA and IIB fractures 16 that could not be reduced or fi xed by the anterior approach, and (3) a slight degree of cervical hyperextension. A gauze roll was placed in the mouth to permit an unobstructed anteroposterior view of the odontoid process. C-arm fl uoroscopy equipment was used to verify the adequacy of fracture reduction. If adequate reduction could not be achieved with preoperative traction and manipulation of the neck, posterior surgery was considered and the patient was then placed in the prone position and protected by a special gypsum bed. The reduction maneuver was then performed by adjusting the head position. If fl uoroscopy showed a good alignment of C1-C2 complex, skull traction was reserved to maintain the position. If reduction was not obtained, open reduction maneuver was performed.
A midline posterior opening was done to expose the posterior bony elements from the occiput to C3. C1-C2 articulation was not exposed to avoid bleeding from the epidural venous plexus. The inferior-medial surface of the posterior arch of C1 was confi rmed by a dissector as a landmark for screw placement. The dorsal cortex of the posterior arch at the entry point was decorated with a high-speed burr and then C1 lateral screw was inserted. 27 The C2 pedicle screw was inserted according to the technique described by Harms and Melcher. 24 If there was contraindication for C2 pedicle screw insertion, a lamina screw was used instead. After the screws were implanted, a longitudinal rod was used to connect the ipsilateral C1 and C2 screws at each side. For cases with nonreduced fractures, open reduction was done by manipulating the screw-rod system using the reduction technique in the treatment of lumbar spondylolisthesis ( Figure 1A-C ) . If adequate reduction was obtained, C1-C2 fi xation without fusion was done. Otherwise, posterior C1-C2 fusion was done with an iliac crest bone graft being inserted between the posterior arch of C1 and C2 laminae and spinous process. Adequate reduction was defi ned as at least 70% overlap of the fragments in a lateral radiograph, with near anatomical alignment in the anteroposterior view. It meant that at least two-thirds of the fracture surfaces were in contact. 28 After the operation, all patients wore a Philadelphia collar for 6 to 8 weeks. Radiographs and computed tomographic (CT) scans at follow-up intervals were assessed. Once fracture healing was observed, the instrumentation was removed ( Figure 1D ).
Functional Outcomes
Neck pain (scored with the visual analogue scale), 29 neck stiffness (none/mild/severe), 30 American Spinal Injury Association impairment scale, 31 patient satisfaction, 32 and neck disability index (NDI) 33 were recorded before and after removing the internal fi xation.
The range of motions (ROMs) of C1-C2 were obtained 3 months after removing the instrumentation. ROM in rotation was made from axial CT scans using bone algorithms 34 and ROM in extension-fl exion from radiographs. CT scans were done with the head fi rst fully rotated to 1 side and then to the opposite side. The sagittal midline was drawn through the midline prominence of the body of C2 and the yawn of the bifi d spinous process. The C2 angle was subtended by this line and the vertical line (0º). The sagittal midline was drawn through the anterior and posterior tubercles of C1. The C1 angle was subtended by this line and the vertical line (0º). C1-C2 ROM in rotation at each side was the value from C1 angle subtracting C2 angle. The C1-C2 ROM in rotation was the sum of the values at both sides. C1-C2 angle on the sagittal plane was formed by the inferior aspects of atlas and axis on plain radiographs. C1-C2 ROM in extension-fl exion was the value from C1-C2 angle in extension subtracting that in fl exion ( Figure 2A-D ) .
Statistical Analysis
The values were presented as mean and standard deviation. Paired t test and Mann-Whitney U test were used for statistical analysis. Probability values less than 0.05 were considered statistically signifi cant. Analyses were performed using SPSS (SPSS Inc., Chicago, IL) 17.0.
RESULTS
The mean duration of follow-up was 41.8 ± 26.8 months. C1-C2 pedicle screw fi xations were conducted in all cases except one in which the C2 laminar screw was employed on the right side due to failed C2 pedicle screw implantation. Finally, 44 C1 pedicle screws, 43 C2 pedicle screws, and 1 C2 laminar screw were implanted. Fracture healing was observed in 21 patients at 3-to 6-month postoperative follow-up and the instrumentation was removed. We identifi ed no complications related to the surgical approach in our study. All patients returned to their preoperative work. who did not achieve fracture healing at month 6 after operation was still under follow-up. This case was a type II B fracture with approximate 1/2 dislocation in the coronal plane. After admission, skull traction was performed. We attempted to conduct anterior screw fi xation, but fracture displacement developed because of extension of the neck. Therefore, posterior temporary fi xation was performed. A postoperative CT scan showed reduction in the coronal plane, but there was apparent displacement in the axial direction. A fracture gap (3 mm) was considered to be responsible for the nonunion and this may have been caused by skull traction. In addition, intact apical and alar ligaments might demonstrate contraction over time, resulting in distraction of the odontoid process and further displacement of the fracture. For 21 cases with fracture healing, the visual analogue scale of neck pain, neck stiffness, American Spinal Injury Association impairment scale, patient satisfaction, and NDI were presented in Table 2 . After removing the instrumentation, the visual analogue was reduced ( t test, P < 0.01) and neck stiffness were relieved (Mann-Whitney U test, Z = − 5.143, P < 0.01). Patient satisfaction and NDI had improved ( t test, P < 0.01). The ROM of C1-C2 was returned to 4.8 ° ± 1.6 ° and 25.7 ° ± 5.5 ° in fl exion-extension and in rotation, respectively. No osteoarthritis was observed at the C1-C2 lateral mass joints.
DISCUSSION
In this study, temporary fi xation without C1-C2 fusion was conducted in 22 cases. Fracture healings were obtained in 21 cases, a fracture healing rate of 95.5%. This fracture rate is not inferior to the reported healing rate after anterior odontoid screw fi xation. [13] [14] [15] Twenty-one patients regained C1-C2 motion when the instrumentation was removed. At the fi nal follow-up, neck pain and stiffness was relieved, and patient satisfaction and NDI were improved. It revealed that the C1-C2 temporary fi xation technique could effectively avoid the deterioration in patient quality of life caused by C1-C2 fusion.
Axial rotation at the craniocervical region occurred mainly at the atlantoaxial complex. In normal individuals, the C1-C2 joint is responsible for as much as 60% of the total rotation of the neck. 34 In the study by Ishii et al , 35 the kinematics of the upper cervical spine during head rotation was investigated using 3-dimensional magnetic resonance imaging in healthy volunteers. The mean maximum angle of axial rotation in C1-C2 was 36.2º ± 4.5º to each side. 35 A study by Pang 34 using CT motion analysis showed that the maximal separation angle of C1-C2 was approximately 43º to each side. In our study, the C1-C2 rotation angle was 25.7 ° ± 5.5 ° after removing the instrumentation. The axial rotation angle was inferior to the former reports. 34 , 35 The differences might be attributed to short follow-up time. The C1-C2 rotation angles were calculated by using CT scans obtained at month 3 after removing the instrumentation. The cervical motion might be restrained by local scar tissue contracture. We presumed that the C1-C2 rotation angle could be improved by further cervical function exercise.
In fact, reduced cervical motion was also observed in the treatment of odontoid fractures with anterior screw fi xation, with the reported rate 4% to 52%. 13 reviewed 81 patients with odontoid fractures treated by anterior screw fi xation. Limitation of less than 25% was found in 12 patients and greater than 25% in 6. Platzer et al 36 found movement restriction of more than 30% in 4% of (3/69) nongeriatric patients and in 10% (4/41) of geriatric patients, whereas in the study by Berlemann and Schwarzenbach 14 the rotation was reduced by 25% to 50% in 52% (10/19) of geriatric patients. Although the aforementioned studies noted assessment of cervical ROM, none reported numerical data. Therefore, unfortunately, the difference in C1-C2 ROM between our technique and the anterior screw fi xation could not be analyzed. It needs to be further investigated in the future.
In this study, the outcomes were evaluated in terms of neck pain, neck stiffness, and patient satisfaction and NDI. Neck stiffness has been a well-recognized result after C1-C2 fusion. 41 Rizvi et al 42 compared the outcomes between anterior odontoid screw and posterior C1-C2 fusion. They found that there was no signifi cant association between neck pain and fusion method. However, patients with C1-C2 fusion reported signifi cantly more neck stiffness than patients with anterior odontoid screw fi xation. Similar results were observed in our study in which 20 patients reported mild to severe neck stiffness after C1-C2 fi xation, whereas only 3 patients reported residual mild neck stiffness after removing the instrumentation. NDI score was another important index to assess patient outcome. In our study, the raw score for NDI was 8.1 ± 5.6 after C1-C2 fi xation, indicating a mild level of neck disability. After removing the instrumentation, it was reduced to 0.9 ± 1.7, indicating no neck disability. The score after removing the instrumentation was also inferior to the data reported with C1-C2 fusion. 43 In the study by Molinari et al , 43 the average NDI score for the patients undergoing fusion at C1-C2 averaged 18.1, indicating a mild level of neck disability. Therefore, the C1-C2 temporary fi xation technique could effectively avoid neck stiffness and neck disability caused by C1-C2 eternal fi xation or fusion.
During the last few decades, screw-rod systems including transarticular screws, pedicle screws, lateral mass screws, and laminar screws have been greatly used to stabilize the C1-C2 complex due to excellent biomechanical stability. 44 Among these systems, we think that a C1 lateral mass screw combined with a C2 pedicle screw was the ideal choice for temporary internal fi xation for 2 important reasons. First, a C1 lateral mass screw combined with a C2 pedicle screw could avoid damage to the C1-C2 facet joint. Therefore, iatrogenic C1-C2 arthritis that might be caused by C1-C2 transarticular screws could be avoided. Second, C1 lateral mass screw and C2 pedicle screw insertion was feasible in nonreduced fracture, and an open reduction maneuver could be done by the screwrod system. 24 Thereafter, some irreducible fractures could be reduced and then temporarily fi xed, avoiding eternal motion loss of C1-C2 18 , 21 and secondary degeneration of the subaxial cervical spine caused by C1-C2 fusion. 45 There is a technique note that should be mentioned. For C1 screw insertion, the Resnick technique 46 was used in our study, of which the entry site was superior to that of Harms technique. 24 Therefore, the gap between the C1 screw and C2 screw was enlarged, facilitating the open reduction maneuver. On the other hand, placement of the C2 pedicle screw is not always safe, especially in patients with an atypical course of VA. Therefore, a laminar screw could be used if C2 pedicle screw insertion was contraindicated or failed. In our study, C1-C2 pedicle screw fi xations were conducted in all cases except one in which the C2 laminar screw was employed on the right side due to failed C2 pedicle screw insertion.
Although good outcomes were obtained, it does not mean that C1-C2 temporary fi xation technique is the treatment of choice for odontoid fracture. It should be a salvage maneuver when there are contraindications to anterior screw fi xation. This technique has been indicated in Grauer type IIC fractures with well reduction, Grauer type IIA and IIB fractures that cannot be reduced or fi xed by the anterior approach, and patients with Anderson-D'Alonzo type III factures who cannot tolerate long-term external fi xation. In our experience, if the posterior approach is considered, the reduction maneuver was initially performed by adjusting the head position in a special gypsum bed. If fl uoroscopy showed a good alignment of the C1-C2 complex, the C1-C2 screw-rod system was inserted and fi xed directly. Otherwise, C1-C2 open reduction should then be considered. For irreducible fractures, posterior C1-C2 fi xation and fusion was performed. For fractures with ideal open reduction, posterior C1-C2 temporary fi xation without fusion should be performed. In that case, C1-C2 motion, especially C1-C2 rotation could be regained maximally after removing the temporary instrumentation, avoiding the shortcomings caused by C1-C2 fusion that eternally scarifi ed the C1-C2 rotation.
In our study, Anderson-D'Alonzo type I fractures, nonreduced fractures, cases with disruption of transverse atlantal ligament, and patients older than 65 years were excluded. Patients older than 65 years were excluded because of high rates of odontoid fracture nonunion. 43 , 47 Omeis et al 47 reported a 30.7% odontoid healing rate with posterior C1-C2 surgery and a 37.5% healing rate with anterior odontoid screw fi xation in the elderly. Therefore, for patients older than 65 years, especially patients with severe osteoporosis, C1-C2 fi xation and fusion might be the choice of surgery.
Our study has limitations. First, the CT scans were obtained at month 3 after removing the instrumentation. Long-term iconography follow-up should be done to verify that the C1-C2 rotation could be improved by cervical function exercise. Second, the fracture healing rate in our study was higher than that of a previous report. 47 We attributed it to ideal fracture reduction and younger age. However, the conclusion might be limited by the small number of cases in this cohort.
Further studies with larger cohorts should be conducted. 
➢ Key Points
Barrel chest, short neck, subaxial cervical spondylosis, or severe thoracic kyphosis might prevent proper trajectory for anterior screw placement in patients with odontoid fracture. If satisfactory fracture reduction or screw trajectory cannot be achieved by the anterior approach, posterior reduction and fi xation without fusion using a C1-C2 screw-rod system is an optimal salvage maneuver. Posterior reduction and temporary fi xation could eff ectively avoid the motion loss of C1-C2 caused by posterior atlantoaxial fusion.
anterior screw fi xation for odontoid fracture. It could effectively avoid the motion loss of C1-C2 caused by posterior atlantoaxial fusion.
